Recent advances in phylogenomic analyses and increased genomic sampling of uncultured 37 prokaryotic lineages brought compelling evidence in support of the emergence of eukaryotes from 38 within the Archaea domain of life. The discovery of Asgardaeota archaea and their recognition as the 39 closest extant relative of eukaryotes fuelled the revival of a decades-old debate regarding the 40 topology of the tree of life. While it is apparent that Asgardaeota encode a plethora of eukaryotic-41 specific proteins (the highest number identified to date in prokaryotes), the lack of genomic 42 information and metabolic characterization has precluded inferences about their lifestyles and the 43 metabolic landscape that may have favoured the emergence of the hallmark eukaryotic subcellular 44
architecture. Here, we use advanced phylogenetic analyses to infer the deep ancestry of eukaryotes 45 and genome-scale metabolic reconstructions to shed light on the metabolic milieu of the closest 46 archaeal eukaryotic ancestors discovered till date. In doing so, we: i) generate the largest 47
Asgardaeota genomic dataset available so far, ii) describe a new clade of rhodopsins encoded within 48 the recovered genomes, iii) provide unprecedented evidence for mixotrophy within Asgardaeota, iv) 49 present first-ever proofs that the closest extant archaeal relatives to all eukaryotes 50 (Heimdallarchaeia) have microoxic lifestyles with aerobic metabolic pathways unique among 51
Archaea (i.e. kynurenine pathway) and v) generate the first images of Asgardaeota. 52 53 Main
54
At the dawn of genomics, the eukaryotes were recognized as amalgamated genetic jigsaws that bore 55 components of both bacterial and archaeal descent 1,2 . This genomic chimerism served as a source of 56 speculation and debate over the nature of the protoeukaryote ancestors 3-5 and inspirited a plethora 57 of hypothetical scenarios for the processes that led to eukaryogenesis 2,6 . Even though, in light of 58 recent research, eukaryotes came into existence through the interplay between an archaeal host 7 59 and a bacterial endosymbiont 8 , the metabolic milieu of the ancestral prokaryotic lineages and their 60 phylogenetic blueprint still remain elusive. Here, we bridge state-of-the-art cultivation-independent 61 genomics, sensitive molecular phylogenetic analyses and genome-scale metabolic reconstructions in 62 order to shed light upon the deep archaeal ancestors of eukaryotes, as well as the metabolic 63 landscape that favored the rise of the 'nucleated cellular architecture'. The genomic catalogue 64 generated during this study enabled us to confidently resolve the backbone of the Asgardaeota 65 superphylum 9 (the closest archaeal relatives of eukaryotes described to date) and to narrow down 66 the eukaryotes' branching point within the tree of life. Collectively, our analyses revealed that 67 contradictory to current opinions 10 the archaeal protoeukaryote ancestor was likely microaerophilic 68 and possessed the ability to harness the Sun's energy via rhodopsins, and whose mixotrophic 69 metabolism had already acquired unprecedented (within archaea) circuitries for de novo aerobic 70 NAD + synthesis. 71
Asgardaeota phylogenomics: Homology-based searches were employed to recover Asgardaeota-72 related contigs from de novo metagenomic assemblies of two deep-sequenced lake sediment 73 samples (with contrasting salinities). By utilizing a hybrid binning strategy and performing manual 74 inspection and data curation, we obtained thirty-five Asgardaeota MAGs (metagenome-assembled 75 genomes), spanning three (out of 4) evolutionary lineages within the superphylum: Lokiarchaeia 76 (23), Thorarchaeia (10), and Heimdallarchaeia (2). To the best of our knowledge, by accurately 77 binning 6 026 contigs (total length 55.75 Mbp, average contig length 9 252.5 bp) we generated the 78 largest genomic dataset available to date for this superphylum (in contrast all publicly available 79
MAGs amount to 47.2 Mbp). Due to the challenges associated with reconstructing the evolutionary 80 relationships between archaea and eukayotes 9 , in our inferences we used only those MAGs (n= 8; 81 Supplementary Table S1 ) that harbored at least 75% of total phylogenetic markers (See 82
Supplementary Table S3 ). The maximum-likelihood phylogenetic tree, based on concatenation of 83 small (SSU) and large (LSU) ribosomal RNA genes, pictured for the first time a topology in which 84 4 136 The genome-scale metabolic reconstruction  137  placed special emphasis on Heimdallarchaeia, since it was suggested by the above-mentioned  138  phylogenetic analyses to encompass the most probable candidates (to date) for the archaeal  139 protoeukaryote. While the anaerobic lifestyles inferred for Loki-10 and Thorarchaeia 12 were 140 considered to be accompanied by autotrophy 10 and respectively mixotrophy 12 , no consistent 141 metabolic reconstructions exist to date for Heimdallarchaeia. The performed physiological 142 inferences pointed towards mixotrophic lifestyles (for Asgardaeota), simultaneously showing the 143 presence of transporters for the uptake of exogenous organic matter and the metabolic circuitry 144 responsible for its catabolism (see Supplemental Results and Discussion) . Remarkably, we found 145 oxygen-dependent metabolic pathways in Heimdallarchaeia, which will be further presented in 146
Evidences for an aerobic lifestyle in Heimdallarchaeia:
contrast to the ones harbored by the anaerobic Loki-and Thorarchaeia. 147
Heimdallarchaeia were inferred to possess components of the aerobic respiration blueprint: a 148 complete tricarboxylic acid cycle (TCA) supported by an electron transport chain (ETC) containing: 149 V/A-type ATPase, succinate dehydrogenase, NADH:quinone oxidoreductase, and the cytochrome c 150 oxidase (Figure 3) . While in Thor-various components of the TCA were found to be missing, in 151
Lokiarchaeia the complete TCA was associated with: isocitrate dehydrogenases, 2-oxoglutarate-152 ferredoxin oxidoreductases, and ATP-citrate lyases, pointing towards the presence of a reverse 153 tricarboxylic acid cycle (rTCA). Thus, in contrast to Heimdallarchaeia, which utilize TCA to fuel their 154 catabolic machinery (Figure 3) , Lokiarchaeia uses rTCA for autotrophic CO2 assimilation. While the 155 V/A-type ATPase complex appears to be complete in Loki-and Thorarchaeia, the other components 156 involved in the oxidative phosphorylation processes were not identified. 157 158
As nicotinamide adenine dinucleotide (NAD + ) is an essential cofactor in redox biochemistry and 159 energetics 18 (e.g. linking TCA and ETC), we investigated its de novo synthesis mechanisms (Figure 4) . 160 As expected, all Asgardaeota phyla were found to harbor the aspartate pathway 19 -a set of metabolic 161
transformations that can occur in both presence or absence of oxygen 20 , and which are characteristic 162
for most prokaryotes and the plastid-bearing eukaryotes (obtained through lateral gene transfer 163 from their cyanobacterial endosymbiont) 18 . Surprisingly, Heimdallarchaeia presented in addition to 164 the aspartate pathway the exclusively aerobic kynurenine one 21 (Figure 4) , which is reported to be 165 present in few bacterial groups and eukaryotes 18 . The phylogenetic reconstruction and evolutionary 166 history inferences showed that this pathway, which is considered to be present in the 167 protoeukaryote ancestor 18 , was probably acquired by Heimdallarchaeia through lateral gene transfer 168 from bacteria (Supplementary Figure S3 ). As far as the authors are aware, Heimdallarchaeia are the 169 first archaeal organisms with the aerobic kynurenine pathway. Curiously while Heimdall_LC_3 was 170 found to contain the complete set of genes required for both pathways, Heimdall_LC_2 and 171
Heimdall_RS678 encoded just the genes affiliated with the kynurenine one (Figure 4) . As the 172 aspartate pathway was reported to function in both oxygen absence (L-aspartate oxidase uses 173 fumarate as electron acceptor) 20 and presence (L-aspartate oxidase uses O2 as electron acceptor), 174 the existence of the kynurenine pathway in Heimdall_LC_3 appears redundant. By corroborating the 175 presence/absence pattern of the aspartate pathway in Asgardaeota (Figure 4) with the 176 reconstructed evolutionary history of Heimdallarchaeia (Figure 1a and blastp similarity searches (for Heimdall_LC_3 L-aspartate oxidase), we inferred that this pathway 178
functioned exclusively under anaerobic conditions. Furthermore, the introgression of kynurenine 179
genes in Heimdallarchaeia appears to be caused by an expansion towards an oxygen-containing 180 niche, which during evolutionary history (from Heimdall_LC_3 to Heimdall_LC_2/Heimdall_RS678) 181 favored the xenologous replacement of the aspartate pathway with the kynurenine one. 182 183
Within the anaplerotic metabolism, the reversible transformation of pyruvate into acetyl-CoA and 184 formate can be accomplished by pyruvate formate lyases, which were inferred to be present in all 185 5 three phyla. Formate produced during this enzymatic process, or by the activity of arylformamidase 186 (kynurenime formamidase) in Loki-and Heimdallarchaeia could be further oxidized (by formate 187 dehydrogenases) and used for quinone/cytochrome pool reduction, or introduced into the one-188 carbon metabolism and utilized for the synthesis of: purines, glycine, formylmethionine, etc. ( Figure  189 3 usage, as the enzyme employs it in the pyruvate pool decarboxylation process (Figure 3) .
The comparative genomic analyses also revealed that the three Asgardaeota phyla rely upon 198 glycolysis (i.e. type Embden-Meyerhof-Parnas) to fuel their metabolic machinery. Unexpectedly, 199
three Heimdallarchaeia MAGs (LC_3, AB_125 and AMARA_4) were found to employ non-canonical 200
ADP-dependent kinases that use ADP instead of the typical ATP as the phosphoryl group donor 24 in 201 their glycolytic pathways. Furthermore, they seemed to be bifunctional ADP-dependent 202 glucokinase/phosphofructokinases, which was puzzling since the presence of 6-203 phosphofructokinases (LC_3 and AB_125) would render their bifunctionality redundant. In order to 204 elucidate the role of the putative bifunctional enzymes, we reconstructed the evolutionary history of 205 the ADP-dependent kinases and inferred that they possess glucokinase activity (based on tree 206 topology and the conserved functional residue E172) (Supplementary Figure S4 ). Additionally, we 207 observed that the deepest branching Heimdallarchaeia (LC_3) harbored the archaeal-type enzyme, 208
while the younger ones (AB_125 and AMARA_4) clustered together with the eukaryotic-type 209 (Supplementary Figure S4) . Although it is easy to assume that cells under low energy conditions 210 (e.g. limiting O2 availability) could highly benefit from using residual ADP to activate sugar moieties 211 and fuel their glycolysis 25 , the metabolic advantage conferred by these ADP-dependent kinases is 212
unclear. 213 214
Although pentoses could be recycled via nucleotide degradation in all Asgardaeota phyla, their 215 synthesis differs between Loki-/Heimdallarchaeia that likely utilize the reverse ribulose 216 monophosphate pathway, and Thorarchaeia that employ the xylulose part (of the non-oxidative 217 branch) of the hexose monophosphate one. The identified homologues for ribulose 1,5-218 bisphosphate carboxylase/oxygenase (RuBisCO) genes were found to appertain to the types: III (Loki-219
and Heimdallarchaeia) and IV (Loki-and Thorarchaeia) (Supplementary Figure S5) Among Asgardaeota, the Heimdallarchaeia were found to possess genes encoding for 237 sulfide:quinone oxidoreductases, enzymes used in sulfide detoxification and energy generation via 238 quinone pool reduction (Figure 3) . As sulfide binds to cytochrome c oxidase system and inhibits 239 aerobic respiration 31 , the presence of these enzymes in Heimdallarchaeia could point towards a 240 detoxification role. The fact that one Heimdallarchaeia MAG described in this study (i.e. AMARA_4) 241 had the sulfide:quinone oxidoreductase gene and the other Asgardaeota MAGs recovered from the 242 same sample did not (i.e. 7 Loki-and 3 Thorarchaeia MAGs), suggests that the highly lipophilic 243 sulfide does not interfere with the anaerobic metabolism, nor is it part of a conserved energy 244 generation strategy in Asgardaeota. The superoxide dismutase, catalases, and glutathione 245 peroxidases found in Heimdallarchaeia may act in alleviating the oxidative damaged generated by a 246 facultative aerobic metabolism. 247
CARD-FISH visualization of Loki-and Heimdallarchaeia. Two phylogenetic probes targeting the 16S 248
rRNA of Loki-and Heimdallarchaeia, respectively ( Supplementary Table S8 , Supplementary Figure  249 S7) were successfully applied to sediment samples of different depth layers. Members of both phyla 250
were rare and seemed to be totally absent below sediment depths of 40 cm. All observed 251
Heimdallarchaeia were similar in cell size (2.0±0.4 µm length x 1.4±0.3 µm width, n=15) and of 252 conspicuous shape with DNA condensed (0.8±0.2 x 0.5±0.1 µm) at the center of the cells (Figure 5 a-253 c, Supplementary Figure S8 ), which is rather atypical for prokaryotes. In contrast, Lokiarchaeia were 254 very diverse in shape and size and we could distinguish at least three different morphotypes: small-255 medium sized ovoid cells (2.0±0.5 x 1.3±0.3 µm, n=23, in morphology in Lokiarchaeia most likely also reflects a higher sampling of the phylogenetic 260 diversity within the phylum. 261
Discussion 262
The mainstream theories on the subject of eukaryogenesis 6,32 (which date back to late 20 th century), 263 have been recently refuted by improved phylogenetic methods and increased genomic sampling 9,10 . 264
Even after experiencing a new revival 10 , the current endosymbiotic theory fails to envision the 265 environmental and metabolic context in which the 'nucleated cellular architecture' emerged. 266
Moreover, it appears to find itself gravitating around a three-decade old theory centered on 267 anaerobic syntrophy 33 (i.e. hydrogen hypothesis). In this study, we show that: i) mixotrophy and 268
harnessing the Sun's energy (via rhodopsins) are the modus vivendi of Asgardaeota, and that ii) 269 aerobic respiration was present in the archaeal protoeukaryote ancestor before the emergence of 270 eukaryogenesis-associated phenomena. Thaumarchaeota, 1 Aigarchaeota, 3 Korarchaeota, 21 Asgardaeota, 7 DPANN) and 8 eukaryotes 369
( Supplementary Table S5 ). Selection criteria for phylogenomic trees of ribosomal proteins conserved 370 between archaea and eukaryotes has been previously described 9 . Amino-acid sequences for the 55 371 ribosomal proteins were queried and retrieved based on arCOG annotations. Markers not found in 372 the majority of organisms were discarded, obtaining a final set of 48 markers ( Supplementary Table  373 S6). Additionally, some proteins that were not identified by arCOG scanning were retrieved from the 374 NCBI Protein section (https://www.ncbi.nlm.nih.gov/protein). Sequences were aligned using PRANK 375 (-protein +F), trimmed with BMGE 55 (-m BLOSUM30 -t AA -g 0.2 -b 3), concatenated, and subjected 376 to SR4 amino acid recoding 11 . Maximum-likelihood trees were generated by IQ-TREE (-bb 1000, -alrt 377 1000) with ultrafast bootstraping 56 and the custom 'C60SR4' model described in a previous study 9 . 378 Bayesian inference phylogenies were constructed using PhyloBayes MPI 1.8 58 , using the CAT-Poisson 379 model. Four chains were run in parallel until estimated maxdiff values calculated by bp_comp (-x 380 5000 10) fell below the recommended 0.3 threshold, indicating convergence between chains. 381
Multiple sequence alignment of rhodopsins: The three groups of rhodopsins (type-1, 382 schizorhodopsins and heliorhodopsins), were first aligned independently using T_Coffee 59 383 9 (http://tcoffee.crg.cat/) in accurate mode, that employs protein structure information, wherever 384 available, or sequence comparisons with homologues in databases to improve accuracy. These 385 alignments were aligned to each other using the profile alignment mode in T_Coffee. 386
RuBisCO tree reconstruction:
The multiple sequence RuBisCO alignment was built upon a core 387 structural alignment of diverse set of sequences, to which additional sequences were added using 388
T_Coffee. A total of 392 sequences were used for the alignment. MUSCLE 60 was used for aligning the 389 sequences (n=146) of the large subunit of RuBisCO (types I-III) and RuBisCO-like (type IV) (rbcL, 390 K01601) proteins. Sequences not generated in this study were recovered from previous studies 61,62 . 391
For both alignments the maximum likelihood tree was constructed with FastTree2 using a JTT model, 392 a gamma approximation, and 100 bootstrap replicates. 393 Figure S7) . Probe design for Heimdallarchaeia and Lokiarchaeia based on almost 411
Phylogenetic inference of Heimdallarchaeia glucokinases and kynurenine pathway proteins
full-length sequences of high quality was done with the probe_design and probe_check tools in ARB. 412
Probes were tested in silico 69 and in the laboratory with different formamide concentrations in the 413 hybridization buffer until stringent conditions were achieved ( Supplementary Table S8 ). Sediment 414 sampling was performed using a custom mud corer on 22 April 2018 at 12:00 in Tekirghiol Lake, 415
Romania, (44°03.19017 N, 28°36.19083 E) and on 23 April 2018 at 14:00, in Amara Lake, Romania, 416 (44°36.30650 N, 27°19.52950 E). Seven sediment layers (0-70 cm, in 10-cm ranges) were sampled in 417
Tekirghiol Lake and the top 10 cm was sampled in Amara Lake. Sediment samples were fixed with 418 formaldehyde, treated by sonication, vortexing and centrifugation to detach cells from sediment 419 particles 70 and aliquots were filtered onto white polycarbonate filters (0.2 µm pore size, Millipore). 420
CARD-FISH was conducted as previously described with fluorescein labelled tyramides 71 . Filters were 421 counterstained with DAPI and inspected by epifluorescence microscopy (Zeiss Imager.M1). 422
Micrographs of CARD-FISH stained cells were recorded with a highly sensitive charge-coupled device 423 (CCD) camera (Vosskühler) and cell sizes were estimated with the software LUCIA (Laboratory 424
Imaging Prague, Czech Republic). 425
Accession numbers: All sequence data produced during the study is deposited in the Sequence Read 426
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